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 Two studies were conducted to determine the effects of two different feed 
additives on the performance of laying hens. Study 1 examined the effects of non-starch 
polysaccharide degrading enzyme inclusion in a low energy diet. Study 2 examined the 
effects of supplementing a paramylon zinc polysaccharide complex at increasing 
concentrations. Both studies utilized a randomized complete block design for treatment 
assignment, and data were analyzed using the Glimmix procedure in SAS 9.4 for 
windows. 
 The first study took place July 2014 to March 2015 and consisted of two phases. 
Each phase tested a positive control, negative control with lower ME and nutrient 
density, and two different xylanases as supplements to the negative control diet. There 
were 72 cages with 3 Bovan White Leghorns per cage used for this study. Data for 
percent egg production, feed intake, bodyweight, egg mass, and feed conversion were 
collected. Significant differences were seen for all parameters (p≤0.05) except egg 
production (phase 1: p=0.47; phase 2: p=0.54) and baseline bodyweight (p=0.63). The 
enzymes did not improve the performance of the birds fed the low ME negative control 
diet up to the level of those fed the positive control. 
 
 
 The second study occurred from June to October 2015 and used 36 cages with 3 
Hy-Line Brown Leghorn hens per cage. There were 4 treatments tested, including a 
control and three diets with increasing dosage of AlgamuneTM ZPC (at 100, 200, and 300 
g/ton), a paramylon zinc polysaccharide complex. Recorded parameters included percent 
egg production, feed intake, egg weights and components, yolk color, egg mass, feed 
conversion, bodyweight, eggshell breaking strength, and egg nutrient analysis. There 
were no significant differences among treatments (p≤0.05), however egg omega-3 fatty 
acid content was approaching significance comparing the low and high levels of 
paramylon supplementation (p=0.0688). The AlgamuneTM ZPC did not negatively affect 
performance and may be considered safe to supplement as a source of omega-3 and Zn to 
poultry at the levels tested in this study.  
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Chapter 1: Literature Review 
 
I. Enzymes in poultry nutrition 
 Enzymes are specialized protein molecules that function as catalysts in chemical 
reactions. Virtually every biochemical reaction necessary for life has an enzyme or class 
of enzymes associated with it. Enzymes are increasing in popularity as feed additives in 
livestock production. The goals of enzyme use in animal agriculture is to increase the 
available nutrients of feed ingredients to improve feed efficiency, save money on 
ingredient costs, and decrease the potential negative impacts of animal agriculture on the 
environment (Barletta, 2010). Enzyme supplementation can also allow producers to use 
alternative feed ingredients that do not have as much energy as non-cereal grains such as 
corn (Paloheimo et al., 2010). It is estimated that swine and poultry cannot digest up to 
25% of their feed due to anti-nutritional factors and lack of endogenous enzymes 
(Barletta, 2010). 
History of exogenous enzyme use in the poultry industry 
Scientific research into the effects of enzyme inclusion in poultry diets has been 
conducted for nearly a century, with one of the first studies presented in 1925 by Clickner 
and Follwell, and published in the 5th volume of Poultry Science in 1926. The product 
examined in this study was “Protozyme,” a cocktail containing enzymes such as amylase 
and protease, derived from the fungus Asperigillus orizae (Clickner and Follwell, 1926). 
Today this fungus is often used as an enzyme source for many fermented foods, 
especially those in Asian cuisine that utilize soy or rice as an ingredient (Shurtleff and 
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Aoyagi, 2012). When used in the 1926 study “Protozyme” was observed to improve 
productivity and nutrient performance to chickens in a diet containing whole wheat and 
cracked corn (Clickner and Follwell, 1926). The researchers noted decreased mortality in 
birds fed the enzyme cocktail, as well as increased egg production and body weight gain. 
The preliminary data collected in this study helped pave the way for further research into 
the effectiveness of enzymes in poultry diets. Further research in the 1940’s and 1950’s 
tested an amylase, which seemed to improve the performance of birds fed a barley based 
diet. However it is now known that chickens produce amylase endogenously so these 
studies likely had impurities in the amylase, perhaps including β-glucanase activity, 
which were the cause of the improvement of the barley based diets (Choct 2006). 
Since then enzymes have become increasingly popular as feed additives, with 
xylanases and glucanases being introduced as recently as the 1980s (Cowieson and 
Bedford, 2009). A substantial amount of nutritional research has been conducted in just 
the past few decades, though there is still much that needs to be done in order to fully 
understand the effects of enzymes, how they interact with ingredients in the diet, and how 
they are metabolized to elicit changes in the utilization of the feed by the bird. Much of 
the motivation for this sudden increase in enzyme usage stems from the need to increase 
efficiency of feed ingredients to decrease costs, as well as increased ethanol production 
reducing availability of whole corn to be used for animal agriculture (O’Neill et al., 
2012). Use of plant protein sources also creates a need for exogenous enzyme 
supplementation, as non-starch polysaccharides can decrease the bird’s ability to utilize 
protein and energy from these sources efficiently (Choct, 2006). Through enzyme 
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supplementation producers may now be able to use feed ingredients that, on their own, 
would normally be poor in apparent metabolizable energy. 
Enzymes provide a variety of functions assisting birds in the digestion of different 
ingredients. One class of enzymes are non-starch polysaccharide (NSP) degrading 
enzymes. These enzymes are found in bacterial species and hydrolyze glycosidic bonds 
between sugars in carbohydrates such as xylans and glucans, common components of the 
cell wall making about 2-7% of the starchy endosperm in plant seeds (Davies and 
Henrissat, 1995; Saulnier et al., 2012). Because of the increase in energy released from 
oligosaccharides not normally available to them, the NSP degrading enzymes can be 
assigned an energy value for use in least cost diet formulation (O’Neill et al., 2012). The 
effectiveness of NSP degrading enzymes can vary depending on which ingredients are 
used in the diet, as well as variability in NSP and starch content in these ingredients due 
to factors such as cultivation, harvest conditions, and digestibility parameters (Mirzaie et 
al., 2012; Cowieson and Bedford, 2009). Most NSP degrading enzymes are targeted 
toward cereal grains (Paloheimo et al., 2010). Birds in the United States are fed a diet 
consisting primarily of corn, while European birds are fed more small grains such as 
barley and rye (Bedford, 1995). In young birds fed a corn-based diet, NSP degrading 
enzymes can increase body weight gain, feed conversion ratio, and apparent 
metabolizable energy, especially if the corn used is finely ground (Kaczmarek et al., 
2014). Consumption of non-starch polysaccharides can decrease the viscosity of the 
digesta which increases the time spent in the digestive tract (Buchanan et al., 2007). 
Increased viscosity can also impair fat digestion, which may be improved by NSP 
degrading enzymes and other carbohydrases (Meng et al., 2004). Decreasing digesta 
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viscosity through the use of enzymes can also have unique benefits to poultry as it can 
reduce the number of dirty eggs and enhance yolk color (Paloheimo et al., 2010).  
Xylanase 
Xylanase is a common NSP degrading enzyme added to poultry diets that 
hydrolyzes bonds between sugars in xylan molecules, including arabinoxylans (Davies 
and Henrissat, 1995). Xylans are the main component of hemicellulose in plant cells. A 
xylan molecule is composed of xylose sugar polymers with varied structure and multiple 
branch points. There are many other factors that can influence the properties of xylans 
including substituent groups on the xylose units, genetics and enzymes of the particular 
plant, and environmental conditions. Rye, wheat, and sorghum have higher 
concentrations of arabinoxylans than other grains, digestion of which can benefit from 
xylanase activity (Saulnier et al., 2012). The structure of the xylanase enzyme allows 
multiple sugars to be bound randomly due to an open cleft active site. The hydrolysis of 
the glycosidic bond occurs via acid catalysis which utilizes a water molecule to break the 
bond (Davies and Henrissat, 1995). Xylanase generally improves digestibility of amino 
acids of the indigestible fraction of an ingredient by about 16% when added to poultry 
diets, however the effect can vary depending on the chosen ingredient. Wheat middlings 
and dried distillers grains and solubles (DDGS), for example, will only have 5% 
improvement in digestibility of the undigested amino acid fraction by xylanase due to 
high amounts of insoluble fiber, whereas digestibility of fractions in rye or barley are 
more greatly improved at 30% due to high soluble fiber. The improvement of digestibility 
by xylanase activity may be due to its effect on lowering intestinal viscosity (Cowieson 
and Bedford, 2009). 
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Xylanase not only seems to affect the digesta, but also the gastrointestinal tract 
itself. O’Neill and others (2012) conducted a study looking at the effect of xylanase and 
fat supplementation in broilers fed a low energy corn and soybean meal diet. The effect 
of xylanase was consistent and it had the most improvement on the feed conversion ratio 
of the birds fed low energy diets during the later phases of the study. They found no 
interaction between the enzyme and added fat. Birds fed lower energy diets tend to have 
poorer feed conversion ratios since they need to eat more in order to get energy needed 
for growth, maintenance, and/or production of eggs (O’Neill et al., 2012).  
It is hypothesized that xylanase may also affect gut microflora. Choct and others 
(2006) determined that supplementing xylanase to broilers fed a wheat-based diet not 
only improved bird performance, but also reduced variability in apparent metabolizable 
energy between individual birds and decreased the number of Clostridium perfringens, a 
harmful bacteria that can cause necrotic enteritis, in the ileum and ceca (Choct et al., 
2006). Xylanase may also enhance the fermentative capability of the ceca as the birds age 
(O’Neill et al., 2012). The ceca is a blind sac that is connected to the main digestive tract 
where the ileum and colon meet. Chickens have two ceca, though some types of birds do 
not have any at all. The function of the ceca is still not well understood, and removal does 
not seem to produce significant effects on nutrient utilization. In wild birds, the ceca are 
adapt to accommodate differences in diet depending on the season. Such adaptations have 
been observed to occur in domestic broiler chickens and turkeys over a period ranging 
from a few weeks to over four months respectively after a diet change. The ceca contents 
remain for a long period of time (upwards of 24 hours) before being emptied, supporting 
its currently known function as a site of mixing and fermentation (Svihus et al., 2013).  
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Laying hens can also benefit from xylanase supplementation in feed. Mathlouthi 
and others (2002) determined that the enzyme can improve egg production, egg mass, 
and feed conversion in layers fed low energy wheat and wheat-barley based diets. They 
also calculated that 1400 IU/kg of xylanase added to the diet resulted in at least 100 
kcal/kg of increased energy (Mathlouthi et al., 2002). Mirzaie and others (2012) also 
reported increased egg production and egg mass, improved feed conversion ratio, and 
decreased digesta viscosity due to xylanase supplementation in diets containing wheat.  
It is not uncommon to see xylanase in combination with other enzymes as feed 
additives, especially as the poultry industry moves more toward improving efficiency 
through the use of exogenous enzymes. There are many enzyme complexes available to 
poultry producers which can include any combination of carbohydrases, proteases, 
amylases, and other enzymes. Overall, enzyme supplementation has been observed to be 
effective in improving the digestion of feed, but the benefit may decelerate as more 
enzymes are mixed (Cowieson and Bedford, 2009).  
Xylanase with NSP degrading enzymes 
Other non-starch polysaccharide degrading enzymes may be added along with 
xylanase to a poultry diet. These can include cellulases, glucanases, and galactosidases. 
The class of NSP degrading enzymes that utilize glucans as a substrate are called 
glucanases. β-glucans are found in many ingredients, with barley and oats having 
particularly high quantities (Saulnier et al., 2012). β-1,3- and β-1,6-glucans often have 
branching points and are not as rigid as cellulose, but are still difficult for poultry to 
digest (Paloheimo et al., 2010). Hydrolysis of the glycosidic bonds in glucans by 
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glucanase, and the general structure of the glucanase enzyme itself, is fairly similar to 
that of xylanase, meaning it has multiple sites in an open cleft to bind sugars and cleave 
glycosidic linkages via acid catalysis using water (Davies and Henrissat, 1995). A study 
by Choct and others (1995) examined the effect of glucanase in an NSP-rich wheat diet 
fed to broilers. The enzyme supplementation significantly decreased digesta viscosity and 
increased weight gain, feed conversion, and apparent metabolizable energy. They also 
found significantly higher volatile fatty acid concentrations in the ceca of birds 
supplemented with glucanase, as well as decreased fermentation in the ileum (Choct et 
al., 1995). Mathlouthi and others (2011) found that broilers fed a corn, wheat, and barley 
diet supplemented with β-glucanase had higher body weights, improved feed conversion, 
and reduced small intestine weight. A study by Cowieson and others (2010) determined 
that much of the benefits of xylanase and glucanase in a corn/soy diet were due to the 
individual effects of each enzyme, but that they did have some additivity when improving 
feed conversion, nutrient digestibility, ileal digestibility of nitrogen and phosphate, and 
ileal amino acid digestibility before the finisher phase. Xylanase and glucanase together 
improved the diet 25% more than either enzyme alone, though there was no observable 
interaction (Cowieson et al., 2010). Xylanase and glucanase mixtures have also been 
reported to improve body weight and feather condition, and reduce mortality in turkeys 
(Odetallah et al., 2002). Supplementing arabinoxylanase and β-glucanase from 
Aspergillus niger in a corn/soybean/wheat diet resulted in improved performance of 
broilers (Hajati et al., 2009). Xylanase has a greater effect on lowering viscosity in the 
jejunum for wheat than for corn when combined with β-glucanase in the diet (Munyaka et 
al., 2016). 
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Galactosidases may be added to poultry diets, which can aid in the digestion of α 
and β-galactosides. Unlike xylanases and glucanases, the active site of a galactosidase 
enzyme is shaped like a crater to be able to accommodate substrates with many different 
chain ends (Davies and Henrissat, 1995). Alpha-galactosidases are used in non-ruminants 
due to the indigestibility of α-galactosides which are found in high concentrations in 
legumes. Chickens are unable to digest these carbohydrates, specifically raffinose and 
stachyose, due to a lack of endogenous α-1,6-galactosidase (Brenes et al., 1989; Parsons 
et al., 2000). This can pose a problem in the poultry industry as diets in the United States 
are typically formulated using soybean meal as one of the primary ingredients. When 
supplemented to broilers fed a corn-soybean meal diet, α-galactosidase improved 
metabolizable energy and nutrient utilization including increased digestibility of calcium 
and phosphorus, and increased availability of methionine and cysteine (Wang et al., 
2005). Galactosidases are not typically complexed solely with xylanase, but may appear 
in multi-enzyme products. Enzyme mixtures containing xylanases, β-glucanases, α-
galactosidases, other hemicellulases, pectinases, proteases, and inulinase can be 
beneficial in diets with a high lupin content. Lupins are seeds that may be used as a 
protein substitute for soybeans (Marquardt et al., 1996). Meng and Slominski (2005) 
found that a multiple enzyme preparation including xylanase, glucanase, pectinase, 
cellulose, mannanase, and galactanase can improve NSP digestibility for corn, soybean 
meal, canola meal, and peas. However, the corn-based diet was the only one that showed 
an improved feed conversion ratio as a result of the enzymes. 
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Xylanase with phytase 
Phytase is a very common exogenous enzyme in the poultry industry and it has 
been a focus of nutritional research since the 1990s. This enzyme has importance to both 
nutrition and environmental concerns. Phytase acts by releasing phosphates from phytate. 
Phosphate is crucial for cellular function and metabolism and is present in key molecules 
such as DNA and ATP. It is also important for skeletal structure and strength. Phosphates 
that are tied up in phytate become unavailable to the bird and are excreted in the feces, 
which can have a negative effect on the environment. Excess phosphate in freshwater can 
cause algal blooms, killing fish (Selle et al., 2010). When supplemented with phytase, 
xylanase can increase egg weight and albumin height with no differences between brown 
and white laying hens fed a diet high in wheat (Silversides et al., 2006). The combined 
effectiveness of xylanase and phytase in corn/soybean diets is not yet consistent in the 
literature. Gehring and others (2013) found that there was no interaction between 
xylanase and phytase in corn/soybean diets when fed to broilers, and that the 
effectiveness of the enzymes may be influenced by the age of the birds. However a recent 
study by Schramm and others (2016) reported improvements in the effects of xylanase 
when supplemented with phytase in a corn/soybean diet. They also investigated these 
effects in a purely corn-based diet which did not yield significant results.  
Xylanase with other enzymes 
There are a number of enzymes that may be added to break down cellulose, 
hemicellulose, and starch in animal feed. To help with cellulose digestion a cellulose may 
be added. The glucans in cellulose are linear and arranged in microfibrils in the cell walls 
of plants which are stabilized by hydrogen bonding. This crystalline structure is what is 
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targeted by cellobiohydrolases to break down cellulose (Paloheimo et al., 2010). 
Cellulase can decrease the viscosity of the digesta and is resistant to the effects of 
extrusion, meaning that the enzyme will remain functional after the feed has been 
pelleted (Spring et al., 1996). Bacterial species that produce cellulase and xylanase have 
been shown to be effective at reducing viscosity and digesting NSPs. Proliferation of 
Clostridium perfringens in in vitro models of the avian digestive system has also been 
shown to be reduced by directly supplementing these enzyme producing bacteria into the 
system (Latorre et al., 2015). 
Amylase breaks down starch by hydrolyzing α-1,4 linkages in carbohydrates. 
While it is supposedly produced in sufficient quantities by chickens, research is 
continuing to work on developing enzyme complexes that include amylase to further 
improve energy utilization and performance (Vieira et al., 2015). In chicks, amylase does 
not affect performance and apparent metabolizable energy when supplemented in a 
conventional corn-based diet, but may improve these parameters when used with finely 
ground corn (Kaczmarek et al., 2014). Lipase breaks down fat. Endogenous lipase 
production increases as chicks age, though addition of lipase does not affect digestion and 
utilization of nutrients. However there was an interaction for fat digestibility between a 
mix of carbohydrases (xylanase, glucanase, cellulase, and other enzymes) and the type of 
fat added to the diet, with tallow being the fat type that was improved the most in terms 
of fat digestibility (Meng et al., 2004).  
Protease is another enzyme that is commonly available as part of a complex with 
NSP degrading enzymes, including xylanase. Protease on its own increases the 
digestibility of nitrogen in the diet by hydrolyzing peptide bonds in proteins, though it 
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may also have more complex effects on nutrient digestibility and the microflora in the 
intestines which are not well understood. The magnitude of the improvement in 
digestibility by protease can be increased when it is used alongside other enzymes 
(Olukosi et al., 2015). Addition of an enzyme complex containing xylanase, glucanase, 
amylase, protease, and invertase increased performance of broilers fed a triticale (a wheat 
hybrid) based diet (Oryschak et al., 2010). Xylanase, amylase, and protease cocktails can 
improve the apparent metabolizable energy of a corn/soybean diet in broiler chicks 
(Dourado et al., 2009).  
 
 
II. β-glucan use in poultry nutrition 
Sources and method of action 
The general structure of β-glucans varies depending on the source, but can be 
classified by the β-glycosidic linkages which connect the chains and branches that make 
up the saccharide polymers. They are components of cell walls and serve as energy stores 
for plants and single-celled organisms (Stier et al., 2014). β-glucan activity is determined 
by the number of branching points, conformation, and the size (molecular weight) of the 
molecule (Zeković et al., 2005). 
Paramylon produced by Euglena gracilis consists of insoluble β-1,3-glucan 
(Soltanian et al., 2009). The wild-type of this species of green algae is photosynthetic, but 
can be cultivated heterotrophically for paramylon production using glucose and corn 
steep solid media (Barsanti et al., 2001; Ivušić and Šantek, 2015). The non-
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photosynthetic mutant strain of E. gracilis produces much more paramylon than the wild-
type. The paramylon is made and stored in many granules throughout the cytoplasm of 
the single-celled algae.  (Barsanti et al., 2001). Before more was discovered about 
Euglena paramylon, it was Saccharomyces cerevisiae (baker’s yeast) that was used as a 
source of β-glucan (Barsanti et al., 2001). Fungi, yeast, and lichen produce β-1,3/1,6-
glucans that can have many branching points. S. cerevisiae β-glucan can inhibit tumor 
growth and bind mycotoxins, making them unavailable and preventing toxicity from 
contaminated feed (Zeković et al., 2005). 
β-1,3-glucans are of specific interest to livestock health and production for their 
immunostimulatory properties (Zeković et al., 2005; Stier et al., 2014). The mechanism 
by which β-1,3-glucans achieve their effects has not been precisely identified, mainly due 
to the wide variety of sources used when conducting research (Zeković et al., 2005). Not 
all β-glucans exhibit immunostimulatory effects, such as cellulose, a β-1,4-glucan, which 
serves mainly as a rigid structural component of cell walls (Stier et al., 2014). β-glucan 
receptors exist on several types of cells that make up the immune system including 
monocytes, neutrophils, and natural killer cells, as well as cells that make up other parts 
of the body such as epithelial cells and fibroblasts. One of these receptors is Dectin-1 
which is a type-II transmembrane glycoprotein. It can recognize β-1,3/1,6-glucan and its 
solubility, determining specificity (Zeković et al., 2005). Other receptors include CR3, 
lactosylceramide, scavenger receptors, and Toll-like receptors 2 and 6. The response 
stimulated by activation of these receptors is for immune cells to secrete cytokines and 
kill pathogens (Soltanian et al., 2009).  
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Use of β-glucan in poultry production 
 Research on the use of algae and algal products in poultry is limited, however β-
glucans overall have been investigated for their role in gut health and the immune 
response. Breed and sex of the birds can affect their response to β-glucan 
supplementation (Redmond et al., 2010). β-1,3/1,6-glucans can help the mucosa of the 
intestines against Salmonella Typhimurium in broilers. The mucosa consists of epithelial 
cells that line the inner portion of the intestine, protecting against harmful bacteria and 
other pathogens by acting as a barrier, and is the site of nutrient absorption. Broilers 
supplemented with β-1,3/1,6-glucan had a greater villus height:crypt depth ratio in the 
jejunum than control birds (Morales-Lopez et al., 2009; Shao et al., 2013). They also had 
higher density of goblet cells (which secrete mucus) and significantly lower Salmonella 
levels in the ceca and liver than the birds without the supplement. This shows that the β-
glucan could help protect and relieve the mucosa from damage by Salmonella (Shao et 
al., 2013). Supplementation of β-1,3-1,6-glucan may be beneficial as protection from 
Salmonella Enteritidis in chicks. In vitro tests of β-glucan treatment of abdominal 
macrophages from β-glucan-free chicks resulted in increased engulfment of Salmonella 
(Chen et al., 2008). Some improvement was also seen in broilers challenged with 
Escherichia coli, but β-glucan may not be as beneficial for unchallenged flocks and may 
lead to decreased production due to increased stimulation of the immune system (Huff et 
al., 2006). 
 β-1,3-1,6-glucan, called Sophy β-glucan, is produced by the AFO-202 strain of 
Aureobasidium pullulan, a species of black yeast. This β-glucan was fed to Peking ducks 
to determine its effectiveness as a supplement compared to using bacitracin zinc (an 
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antibiotic), and whether it could be effectively used for antibiotic-free production. The β-
glucan did not improve growth or performance of the ducks, but it did increase 
proliferation of mononuclear cells and increase nonspecific cellular immunity (Tang et 
al., 2011). 
Use of β-glucan in other species 
 Research of algal polysaccharides has been conducted in a wide variety of other 
species ranging from domestic livestock to aquaculture. Immune benefits and increased 
performance have been reported in many of these studies. In mice, β-glucan has been 
shown to aid the immune response. Paramylon-treated mice produce more IL-1 (in vitro) 
and IL-6 (transiently in blood) as a response to lipopolysaccharide (Kondo et al., 1992). It 
has also been shown to have antitumor activity, specifically against colon cancer in mice 
(Watanabe et al., 2013). β-glucans have been shown to stimulate the immune response in 
swine, and may be an option for antibiotic-free production. Sonck and others determined 
that β-glucans can have significant effects on cell cultures and neutrophils, which are 
dependent on the structure and source of the β-glucan. Euglena gracilis β-glucan 
performed very well in stimulating the proliferation of lymphocytes, production of 
reactive oxygen species, and release of cytokines such as interleukins, IFN-γ, and TNF-α 
in swine (Sonck et al., 2010). 
 
III. Zinc polysaccharide 
Zinc is considered an essential mineral and is an important part of the diet. 
Minerals are often bound to other compounds for feed sources in poultry diets. Organic 
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sources include chelates where the metal ion, such as zinc, is bound to protein, amino 
acids (such as methionine), or carbohydrates. One carbohydrate source for organic zinc is 
β-glucan. Inorganic sources include phosphates, sulfates, and oxides. Mineral oxides and 
sulfates are generally kept at a minimum in poultry diets due to the risk of oxidizing 
vitamins and other important nutrients (Park et al., 2004). Organic zinc sources, such as 
zinc carbohydrates, have been shown to provide high zinc availability to the bird (Cao et 
al., 2000).  
Zinc has an important role in bone and feather development. It is also a cofactor 
for many different metabolic pathways and enzymes, notably carbonic anhydrase which 
is a metalloenzyme that catalyzes the reaction between carbon dioxide and water to 
bicarbonate. Hens use this enzyme to produce bicarbonate which will combine with 
calcium and be deposited as calcium carbonate during eggshell formation (Nys et al., 
1999). Zinc is also known to have a role in immune health. Zinc methionine can promote 
nonspecific cellular immunity, improve phagocytosis by macrophages, and increase E. 
coli survivability in older birds (Park et al., 2004). Once infection by a pathogen occurs 
the bird rapidly uses up zinc to facilitate the increased need for immune cell proliferation. 
Too little zinc can reduce lymphocyte proliferation and cause abnormal development of T 
lymphocytes (Kidd et al., 1996). The presence of zinc in the gut may also prevent 
proliferation of the bacteria, and the immune benefits of zinc mentioned earlier may help 
the bird stay healthy as well (Park et al., 2004). 
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IV. Use of omega-3 fatty acids in poultry production 
 Fat is a key nutrient in livestock diets. It is an important source of energy, 
increases palatability, and prevents feed from becoming dusty (Omidi et al., 2015). 
Modifications of the fatty acid composition of the diet can affect fat deposition in animal 
products, such as eggs. Laying hens of all ages and breeds are required to have at least 
1% fat, in the form of linoleic acid, per kilogram of feed (NRC, 1994). Linoleic acid is an 
omega-6 fatty acid, an unsaturated fatty acid with the first double bond at the sixth carbon 
from the methyl end. Omega-3 fatty acids have been the focus of research lately due to 
benefits for both animals and humans. The defining feature of an omega-3 fatty acid is 
similar to an omega-6, except the first double bond is on the third carbon from the methyl 
end. A study conducted in 2015 showed that Omega-3 supplementation may have 
benefits to the hen by increasing bone strength. However, high levels of long chain 
omega-3 fatty acids in the diet may also cause negative effects such as decreased body 
weight gain, egg production, and egg size (Toscano et al., 2015).  
 The human diet changed drastically during the past century due to advances in 
agriculture and changes in production needs. One of the effects of this was a change in 
the fatty acid content of consumers’ diets. The use of grains as animal feeds, for example, 
introduced more omega-6 fatty acids into the diets of livestock, and subsequently human 
consumers. This can lead to an imbalance of omega-6:omega-3 fatty acids, of which the 
ideal ratio near 1. Increasing consumption of omega-3 fatty acids may help lower the risk 
of certain cancers, cardiovascular disease, and other chronic illnesses (Simopoulos, 
2002). Fish is a common source for omega-3 fatty acids, but other sources are becoming 
more available to consumers. One such option is enriched chicken meat by feeding green 
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microalgae, a byproduct of biofuel production (Gatrell et al., 2015). Another option is 
omega-3 enriched eggs. Increasing the omega-3 content of the egg can be accomplished 
by supplementing the diet of the layer hen in several ways, typically by adding oils rich 
in omega-3 fatty acids to the diet. Research has been conducted using various oils 
including fish, soy, canola, olive, and grapeseed. Fish oil seems to be the most effective 
supplement as it also decreases omega-6 fatty acids, helping to bring the omega fatty acid 
ratio closer to 1, as mentioned earlier (Omidi, 2015). Linseed oil is another source that 
can facilitate deposition of omega-3 fatty acids in the egg yolk (Bourre and Galea, 2006). 
Algal sources of omega-3 fatty acids have become considered, though the rigidity of the 
algal cell wall can affect the availability of the fat to the bird, so the species chosen for 
supplementation should be considered carefully (Lemahieu et al., 2016).  
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Chapter 2: Effect of NSP degrading enzymes on the performance of laying hens. 
INTRODUCTION 
Non-starch polysaccharide (NSP) degradable enzymes are one of the tools 
available to producers in the poultry industry to help increase bird performance by 
improving digestibility of fibrous materials in the diet. Cellulose and hemicellulose are 
not digested by the bird and can affect digesta viscosity, movement, and mixing in the 
intestines. Xylanase and β-glucanase are two common enzymes added to poultry diets, 
though cellulase, galactosidase, and others can be included. These enzymes are also often 
complexed with amylase and/or protease. The effects of these enzymes on performance 
has been noted in areas where poultry diets consists largely of cereal ingredients. Birds 
fed corn and soybean diets do not always benefit from NSP degrading enzymes due to the 
different amount and type of NSPs present, which should be considered by producers 
when choosing enzyme products (Slominski, 2011).  
Corn contains a variety of xylans and arabinoxylans with differing viscosities. 
Over 35% of the corn hull is comprised of these carbohydrates (Hromádková and 
Ebringerová, 1995). Much of the NSP content in a soybean is in the hull, which is 
comprised of about 50% hemicellulose. The xylan in this hemicellulose fraction is mostly 
linear and contains β-1,4-D-glycosidic linkages. (Aspinall et al., 1966; Karr-Lilienthal et 
al., 2005). The amount of xylan present can change during soybean meal processing, 
decreasing as a percentage of dry matter after toasting or extrusion (Karr-Lilienthal, 
2005). 
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Much of the research focusing on the effectiveness of xylanase has been with 
broiler chickens, while the literature for its effects on laying hen performance and 
production is not as extensive. Much of the benefit of xylanase occurs in diets where the 
primary ingredients have a higher NSP content, such as wheat and barley (Mathlouthi et 
al., 2002; Mirzaie et al., 2012). The effects of xylanase or xylanase-containing enzyme 
complexes on the digestibility of corn or corn/soybean based diets are not as consistent or 
definitive. In broilers, enzyme cocktails containing xylanase, amylase, and protease have 
been shown to improve crude protein digestibility, bodyweight gain, and feed conversion 
when added to a corn/soybean meal diet (Zanella et al., 1999) Studies of laying hens have 
shown that enzyme addition to diets with corn distiller’s grains with solubles (CDDGS) 
did not affect performance, but did decrease nitrogen and phosphorus content in the 
manure (Deniz, et al., 2013).  
The purpose of this experiment was to test whether addition of exogenous 
xylanase enzymes to a low ME corn/soybean diet results in equivalent performance 
compared to layer hens fed a normal ME corn/soybean diet. It was hypothesized that 
layer performance and production would vary based on enzyme inclusion and ME. 
MATERIALS AND METHODS 
Birds and Housing 
This study used 72 cages, containing three 23-week-old Bovan White (ISA North 
America, Ontario, Canada) leghorn hens each, which were assigned 1 of 4 dietary 
treatments using a complete randomized block design. Each block comprised of 12 cages 
contained in a Chore-Time® cage system that had two sides containing 3 rows of wire 
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cages separated vertically by manure belts (CTB, Inc., Milford, IN). This resulted in 3 
replicates per block, and 18 replicates total for each treatment. There was 688.17cm2 of 
floor space per hen in each cage with removable feeder troughs. The hens were fed 110 
grams per hen per day, which is the amount calculated to provide the correct energy level 
according to the diet formulation, from buckets containing a pre-weighed amount of feed 
for each week corresponding to the number of hens in each cage. The hens also had ad 
libitum water accessible via nipple drinkers. The housing unit was in a windowless, 
climate controlled room with a 16-hour light:8-hour dark photoperiod. It was located in 
the Animal Science Complex on the University of Nebraska-Lincoln’s East Campus. 
Diets 
The treatments tested in this study consisted of a positive control diet, a negative 
control with lower ME and amino acid density, and two diets with xylanases, labeled 
enzyme A and enzyme B supplemented to the negative control. There were 18 replicates 
for each treatment within the 72 cages used for this study. All diets were corn/soybean 
meal based with 10% dried distillers grains and solubles (DDGS). The lower ME in the 
negative control was achieved by diluting the diet with soy hulls and decreasing fat 
content. The full diet composition and key digestible amino acids can be viewed in Table 
2.1, and overall amino acid composition for the phase 1 diets in Table 2.2. There were 
two phases in this experiment, and feed samples were collected for each. Phase 1 was 23-
43 weeks of age and phase 2 was 43-58 weeks. The ME of the negative control and diets 
3 and 4 were decreased further during phase 2 to determine if the enzyme 
supplementation would have more pronounced effects than found during phase 1. 
Enzyme A was added at 181.6g/ton (trt 3), and enzyme B was added at 340.5g/ton (trt 4) 
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and feed was mixed at the University of Nebraska-Lincoln’s feed mill (Ithaca, NE) prior 
to the start of each phase of the study. Both xylanases were provided by Kerry 
Ingredients (Beloit, WI). The enzymes were supplemented at the same level for both 
phase 1 and phase 2. Feed sample analysis showed enzyme B had a higher xylanase 
activity (Analysis by Kerry Global Technology and Innovation Centre, Kildare, Ireland) 
than enzyme A, and the activity of both enzymes increased in the phase 2 diets (Table 
2.3). This increase in enzyme activity was likely due to an increase in soy hulls, which 
increases the xylan content of the diet. This increase in substrate would lead to increased 
enzyme activity.  
Measurements 
Procedures for data collection were approved by the University of Nebraska 
IACUC. Egg production was recorded daily. Feed intake (FI) was determined weekly and 
calculated by subtracting the amount of feed remaining from the feed given then divided 
by the number of hens in each cage. Average egg weights (EW) were measured biweekly 
using a sample of two eggs per cage. A baseline average body weight (BW) per cage was 
determined at the beginning of the study and subsequent BWs were measured at 10, 20, 
and 35 weeks. Percent egg production (EP) was calculated by dividing the number of 
eggs collected by the number of hen day eggs expected, egg mass (EM) by multiplying 
average EW by EP per cage, and feed conversion ratio (FC) by dividing FI by EM. All 
calculated data used biweekly periods, and statistical analysis also used biweekly data. 
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Statistical Analysis 
The data were analyzed using the GLIMMIX procedure in SAS 9.4 (SAS Institute 
Inc., Cary, NC, 2015) All of the response variables, except body weight were analyzed 
using a repeated measures model including random block effect and fixed effects of time, 
treatment and their interaction. Various error covariance structures were evaluated for 
each response variable to determine the one that fit the best. Body weight response was 
analyzed using a model with a random block effect and fixed treatment effect. 
RESULTS AND DISCUSSION 
The results for egg percent production, egg weight, and egg mass are found in 
table 2.4 and figures 2.1 and 2.2. Egg production was not affected by the lower ME diets 
during both phases 1 and 2 (p≥0.05). This contradicts a previous study that found 
significantly decreased egg production in birds fed a lower energy diet (Suresh et al., 
2014). The lack of differences in egg production could be due to the young age of the 
birds as they were early into their first egg laying cycle, and producing very well. If this 
study were conducted with older hens more differences and variability may be observed 
in egg production. No differences in egg production between the negative control and the 
two negative diets with enzymes may also be due to lack of enzyme activity. 
There was an overall treatment effect for egg weight for phase 1 and phase 2. The 
hens fed the positive control laid heavier eggs in phase 1 compared to the hens fed the 
negative control diet with enzyme B (p=0.019). In phase 2 the hens fed the positive 
control laid heavier eggs than all other treatments (p=0.036). Egg mass during phase 1 
was significantly different (p=0.01) between the positive control and the negative control 
29 
 
with enzyme B, while there was no significant treatment effect (p=0.12) on egg mass 
during phase 2. Egg mass is calculated using percent egg production and egg weight so it 
is likely that the lack of differences in percent egg production and the less significant 
differences in egg weight during phase 2 were why no differences were seen for egg mass 
in phase 2.  
The results for body weight, feed intake, and feed conversion are in table 2.5 and 
figures 2.3, 2.4, and 2.5. Overall, body weight and feed intake were the most significant 
results seen in this study. There was no significant treatment effect for body weight at the 
beginning of the study (p=0.63). While all hens were slightly underweight compared to 
the breed management guidelines at the beginning, which has a recommended weight of 
1550g at 23 weeks of age (Hendrix-ISA LLC, 2015), the hens fed the positive control 
gained significantly more weight than all other treatment groups (p<0.05), and were 
closer to the standard.  Hens on the positive control diet consumed significantly less feed 
during both phases (p=0.0001) yet gained more weight (phase 1: p=0.01; phase 2: 
p=0.03) than hens fed other treatments. This shows that the higher energy in the positive 
control diet allowed the hens to consume less feed to obtain the energy necessary for 
growth. The decrease in feed intake during the last period may have influenced a similar 
decrease in percent egg production as lower intake provides less nutrients for the hen to 
make the egg.  
There was a significant effect of treatment on feed conversion for both phases 
(p≤0.0001). Hens fed the positive control diet had the most efficient feed conversion with 
a feed intake:egg mass ratio of 1.962 for phase 1, and 1.944 for phase 2. The higher feed 
intake by hens on the negative diet and with enzyme supplementation had the greatest 
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effect on this parameter. As mentioned earlier the hens fed the positive control laid 
heavier eggs in phase 1 compared to the hens fed the negative control diet with enzyme 
B, and in phase 2 the positive control hens produced heavier eggs than all other treatment 
groups. In phase 2 the hens fed the positive control laid heavier eggs than all other 
treatments (p=0.036). Eating more, yet laying smaller eggs causes the feed conversion 
ratio to increase, showing that hens are less efficient at converting feed into a product 
(eggs). Feed conversion can also affect body weight since the hens will need to consume 
more feed not only to produce eggs, but also to grow and eventually maintain body 
weight. 
The differences seen in the study were caused by the decrease in metabolizable 
energy and amino acid density in the negative control diet. There was no interaction 
between time and treatment for the parameters measured in this study. The enzyme 
supplementation to the negative control diet did not support bodyweight or egg weight 
equivalent to hens on the positive control diet. As expected the enzyme activity increased 
numerically in the lower ME diet due to the higher NSP content from the soy hulls, 
however the activity was still quite low compared to similar studies. Olukosi and others 
(2007) conducted a study of a xylanase, amylase, and protease complex that was dosed to 
provide 650 U/kg of feed of xylanase in a corn/soybean diet. While there were some 
significant results, the researchers attributed much of this to phytase instead of the 
xylanase in the XAP complex (Olukosi et al., 2007). Another study used a much higher 
dosage which resulted in 5,500 U/kg of feed of xylanase in a wheat-based diet which 
yielded a significant decrease in feed conversion ratio, and an increase in apparent 
metabolizable energy when compared to the control diet (Guo et al., 2014). The highest 
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xylanase activity in this study was 669 U/kg of feed by enzyme B during phase 2. The 
results indicate that this activity level was still not high enough to improve the negative 
diet to where the hens performed at the same level as those on the positive control, 
especially since this higher activity was achieved by further decreasing the energy of the 
diet with soy hulls which caused an increase in substrate concentration for the enzyme. 
As mentioned earlier the young age of the hens in this study meant that they were highly 
productive, which may be why no differences were seen for egg production despite the 
effects on bodyweight and feed intake. Repeating this study using older laying hens may 
help to elucidate the effects of xylanase inclusion in low energy diets.  
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Table 2.1 Diet Composition 
 
 Phase 1 Phase 2 
Ingredient (%) Positive 
Control 
Negative 
Control 
Positive 
Control 
Negative 
Control 
Corn 56.90 58.50 55.48 57.18 
Soybean Meal 19.10 18.30 19.70 17.90 
Soy Hulls  0.50  2.15 
DDGS 10.00 10.00 10.00 10.00 
Vegetable Oil 2.20 0.50 2.57 0.50 
Limestone 9.64 9.98 10.24 10.22 
Dical Phosphate 1.28 1.29 1.16 1.18 
Salt 0.40 0.40 0.36 0.38 
Lysine 0.14 0.15 0.13 0.14 
Methionine 0.18 0.18 0.19 0.17 
Threonine 0.03 0.02 0.03 0.03 
Premix** 0.20 0.20 0.20 0.20 
 
 
Analyzed Nutrient Composition 
 Phase 1 Phase 2 
Nutrient Positive 
Control 
Negative 
Control 
Positive 
Control 
Negative 
Control 
ME (kcal/kg) 2866 2756 2866 2712 
CP (%) 16.53 16.33 16.45 15.93 
Ca (%) 4.10 4.23 4.30 4.30 
Avail. Phos. (%) 0.46 0.46 0.54 0.54 
Linoleic Acid (%) 2.60 1.70 2.79 1.68 
Dig. Arginine (%) 0.89 0.874 0.898 0.859 
Dig. Lysine (%) 0.79 0.78 0.79 0.771 
Dig. Methionine (%) 0.419 0.41 0.422 0.396 
Dig. TSAA (%) 0.66 0.65 0.66 0.63 
Dig. Threonine (%) 0.553 0.535 0.553 0.53 
*Analysis by Midwest Laboratories, Omaha, NE 
 
**Poultrymate® Pinnacle Premix (Nutra Blend LLC, Neosho, MO) 
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Table 2.2 Amino acid analysis of diets (phase 1) 
 
  
Amino Acid (%) Positive Control Negative Control 
Protein 16.80 16.40 
Threonine 0.68 0.68 
Alanine 1.02 1.03 
Cystine 0.25 0.27 
Methionine 0.58 0.49 
Valine 0.66 0.66 
Isoleucine 0.70 0.74 
Leucine 1.37 1.45 
Tyrosine 0.66 0.59 
Phenylalanine 0.99 0.80 
Lysine 0.96 0.99 
Arginine 1.27 1.24 
Tryptophan 0.19 0.23 
*Analysis by Midwest Laboratories, Omaha, NE 
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Table 2.3 Enzyme activity 
 
  
Xylanase Phase 1 Phase 2 
Enzyme A   
Concentration (grams/ton) 181.6 181.6 
Activity (U/kg) 68 102 
   
Enzyme B   
Concentration (grams/ton) 340.5 340.5 
Activity (U/kg) 432 669 
*Analysis by Kerry Global Technology and Innovation Centre, Kildare, Ireland  
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Table 2.4 Effect of treatment on egg percent production, egg weight, and egg mass 
 
Egg production (%) 
    
Treatment Phase 1 Phase 2 
Positive Control 92.1 89.4 
Negative Control 91.9 90.0 
Neg. Ctl +Enzyme A 91.5 89.2 
Neg. Ctl +Enzyme B 91.0 88.5 
SEM1 
 
P Values 
0.547 0.735 
Treatment 0.47 0.54 
Time 0.006 ≤0.0001 
Trt*time NS NS 
 
 
 
Egg weight (g), egg mass (g/day) 
 Phase 1 Phase 2 
Treatment EW EM EW EM 
Positive Control 58.0a 53.97a 60.98a 54.74 
Negative Control 58.4a 54.10a 59.65b 54.21 
Neg. Ctl +Enzyme A 57.6ab 53.22ab 59.66b 53.48 
Neg. Ctl +Enzyme B 57.0b 52.33b 59.70b 53.27 
SEM1 
 
P Values 
0.326 0.417 0.392 0.481 
Treatment 0.019 0.01 0.036 0.12 
Time ≤0.0001 ≤0.0001 0.016 0.36 
Trt*time NS NS NS NS 
*means within a column with differing superscripts are significantly different (p≤0.05) 
1standard error of the mean 
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Table 2.5 Effect of treatment on bodyweight, feed intake, and feed conversion 
 
Body weight (g) 
 Baseline Phase 1 Phase 2 
Treatment Week 0 Week 10 Week 20 Week 35 
Positive Control 1510 1603a 1628a 1639a 
Negative Control 1486 1533b 1562b 1572b 
Neg. Ctl +Enzyme A 1487 1542b 1567b 1570b 
Neg. Ctl +Enzyme B 1511 1550b 1564b 1574b 
SEM1 
 
P Values 
18.082 15.901 15.980 18.690 
Treatment 0.63 0.01 0.01 0.03 
 
 
 
Feed intake (g/bird/day), feed conversion (g feed:g egg) 
 Phase 1 Phase 2 
Treatment FI FC FI FC 
Positive Control 95.3a 1.962a 104.8a 1.944a 
Negative Control 97.2bc 1.986ab 107.7b 2.010b 
Neg. Ctl +Enzyme A 96.7b 2.011b 107.8b 2.035b 
Neg. Ctl +Enzyme B 97.9bc 2.070c 108.9b 2.061b 
SEM1 
 
P Values 
0.300 0.166 0.6312 0.0179 
Treatment 0.0001 0.0001 0.0001 0.0001 
Time ≤0.0001 0.13 ≤0.0001 0.33 
Trt*time NS NS NS NS 
*means within a column with differing superscripts are significantly different (p≤0.05) 
1standard error of the mean 
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Figure 2.1 Egg percent production. 
*vertical line indicates beginning of phase 2, each period is equal to 2 weeks 
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Figure 2.2 Egg weight and egg mass 
*vertical line indicates beginning of phase 2, each period is equal to 2 weeks 
  
49
51
53
55
57
59
61
63
1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8
A
V
ER
A
G
E 
EG
G
 W
EI
G
H
T 
(G
R
A
M
S)
PERIOD
EFFECT OF TREATMENT ON BIWEEKLY EGG 
WEIGHTS
positive control
negative control
neg ctrl +enzymeA
neg ctrl +enzymeB
44
46
48
50
52
54
56
58
1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7
EG
G
 M
A
SS
 (
G
R
A
M
S/
D
A
Y)
PERIOD
EFFECT FO TREATMENT ON BIWEEKLY EGG 
MASS
positive control
negative control
neg ctrl +enzymeA
neg ctrl +enzymeB
41 
 
 
Figure 2.3 Bodyweight 
*phase 2 begins at week 20  
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Figure 2.4 Feed intake and feed conversion 
*vertical line indicates beginning of phase 2, each period is equal to 2 weeks 
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Chapter 3: Effect of paramylon zinc polysaccharide complex derived from Euglena 
gracilis on the performance of laying hens. 
INTRODUCTION 
Algal products have been gaining popularity recently for various purposes, 
including animal agriculture. Feeding red algae to poultry may affect fatty acid and 
cholesterol levels in eggs, specifically the egg yolk (Ginzberg et al., 2000). However 
directly feeding algae may only increase fatty acid deposition in the egg if there is 
sufficient availability. Rigidity of the algal cell wall may inhibit digestion and absorption 
of beneficial fatty acids by the bird (Lemahieu et al., 2016). One type of product that is 
being considered for use in poultry production is algal β-glucan, specifically paramylon 
(a β-1,3-glucan) produced by Euglena gracilis, a species of green algae. Paramylon has 
been known for some time for its immmunostimulatory properties in mice and swine 
(Kondo et al., 1992; Sonck et al., 2010). Its use in poultry is not as common, but is being 
explored more as a feed additive due to the increase in organic and antiobiotic-free 
production.  
β-glucans are identified by the β-glycosidic linkages between glucose polymers, 
and the type and number of branch points within the polysaccharide (Zeković et al., 
2005). β-1,3/1,6-glucans are typically produced by fungi such as Saccharomyces 
cerevisiae (baker’s yeast), and β-1,3-glucan is produced by Euglena (Barsanti et al., 
2001). In poultry, β-glucans can aid in protection against harmful bacterial infection by 
increasing the density of mucus-producing goblet cells and increasing villus crypt depth 
in the small intestine (Morales-Lopez et al., 2009; Shao et al., 2013). It also primes the 
immune response by increasing proliferation and activity of immune cells (Chen et al., 
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2008; Tang et al., 2011). The use of paramylon has not been extensively studied for 
safety of consumption, but a recent study found that there were no significant negative 
health effects when fed in high concentrations over time to mice (Simon et al., 2016). 
AlgamuneTM ZPC is an organic-certified, dried, paramylon zinc polysaccharide 
complex produced by Algal Scientific Corporation (Plymouth, MI). It contains over 50% 
β-1,3-glucan out of 60% total carbohydrates, and 2% zinc (Table 3.1). The product is in 
the form of a fine gold-colored powder that is free-flowing and easily mixed into a 
premix or nutritionally complete diet. The goal of this product is to provide an alternative 
to antibiotics by priming the bird’s immune system.  
The zinc in this product could also be useful to the bird. Zinc can be included in 
the diet in a variety of ways, but is typically bound to other compounds and is classified 
as organic or inorganic based on what it is bound to. In this case the source is considered 
organic since the zinc is bound to a carbohydrate forming a polysaccharide complex. Zinc 
polysaccharide and other organic sources can provide high zinc availability to the bird, 
which is important for utilization of this mineral (Cao et al., 2000). Zinc is an essential 
mineral for poultry as it has an important role in bone, feather, and eggshell formation. It 
is a common cofactor for metabolic pathways and enzymes, such as carbonic anhydrase 
which helps facilitate eggshell mineralization by catalyzing the reaction to create 
bicarbonate from carbon dioxide and water. 
The objective of this study was to determine the effects of AlgamuneTM ZPC 
supplementation on the production and performance of laying hens. It was hypothesized 
that supplementing a nutritionally complete diet with different concentrations of 
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AlgamuneTM ZPC at 100g/ton, 200g/ton, and 300g/ton of feed would result in differences 
in laying hen performance and production. 
 
MATERIALS AND METHODS 
Birds and Housing 
 This study used 108 Hy-Line Brown (Hy-Line, Des Moines, IA) Leghorn hens 
housed in 36 cages containing 3 hens each. The unit that these hens were housed in was a 
Chore-Time® cage system with 3 rows of 12 wire cages separated vertically by manure 
belts (CTB, Inc., Milford, IN) with removable feeder troughs on each cage, and 
688.17cm2 of floor space per hen. The hens in this study were fed 110 grams per hen per 
day, which is the amount calculated to provide the correct energy level according to the 
diet formulation, from buckets containing a pre-weighed amount of feed for each week 
corresponding to the number of hens in each cage. It also helps to minimize feed wastage 
due to the small feed troughs. Water was provided ad libitum via a nipple drinker in each 
cage. The housing unit was located in a windowless climate-controlled room maintained 
on a 16-hour light:8-hour dark photoperiod. The study ran from June to October 2015, 
and treatment diets were fed from 19 to 39 weeks of age. To help reduce variability the 
housing unit was divided into 3 blocks where each block was a row of 12 cages. There 
were four treatments that were assigned randomly within each block, resulting in a total 
of 9 replicates per treatment. 
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Diets 
 The experimental diets used for this study consisted of a control diet and three 
treatment diets containing different levels of AlgamuneTM ZPC (Algal Scientific 
Corporation, Plymouth, MI) supplemented at 100, 200, or 300 g/ton of feed. The product 
was a paramylon β-1,3-glucan zinc polysaccharide complex derived from Euglena 
gracilis, a species of green algae (Table 3.1). The basal diet was a complete peak layer 
diet (Table 3.2) that was mixed at the University of Nebraska-Lincoln’s feed mill (Ithaca, 
NE). The AlgamuneTM ZPC was added to the basal diet for each treatment and mixed in 
200lb batches onsite at the University of Nebraska-Lincoln.  
 Measurements 
 The birds did not undergo an immunological challenge during this study so only 
production and performance data were collected to determine differences between the 
treatments. Measurements for this study included egg production, feed intake, egg weight 
and components, yolk color, egg mass, feed conversion, bodyweights, and eggshell 
breaking strength. Six eggs per treatment were also randomly collected at the end of the 
study for egg nutrient analysis. The room the hens were housed in was heated above 80°F 
from July 13-17 and 22-25, as well as October 15-17 and 20-24 by increasing the setting 
of the room’s thermostat as well as placement of space heaters throughout the room. This 
was done in response to reports of avian influenza in the Midwest United States and was 
used as a preventative measure against viral contamination of the facilities. This is seen 
as an effective method because the avian influenza virus has a more difficult time 
surviving in an environment with a higher temperature and higher relative humidity 
(Guan et al., 2016). Procedures were approved by the University of Nebraska IACUC. 
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Egg production was recorded daily for each cage, and calculated as biweekly 
percent production (EP). Feed intake was recorded weekly by subtracting the remaining 
feed from the total amount allotted. The average feed intake (FI) per bird per day was 
calculated biweekly. Egg weight (EW) was recorded biweekly using a sample of two 
average-sized eggs per cage. Egg components were also measured from the egg samples 
to determine percent shell (PS), percent yolk (PY), and percent albumen (PA). PS was 
determined by weighing the shell after scraping excess albumen from the inside, and 
dividing the weight by the total EW. PY was determined by carefully separating the yolk 
from the albumen using a plastic egg separator, removing the chalazae, and dividing the 
resulting weight by the total EW. PA was determined by subtracting the yolk and shell 
weights from the total EW to estimate the albumen weight. Yolk color (YC) was 
measured using a 2007 Kemin yolk color fan (Kemin Industries, Inc., Des Moines, IA) 
where a higher number indicated a darker, more orange yolk. Egg mass (EM) was 
calculated by multiplying average biweekly EW by EP. Feed conversion ratio (FC) was 
calculated by dividing biweekly FI by EM. Body weights (BW) were measured monthly 
for each individual bird and averaged per cage.  
Eggshell breaking strength (SS) was determined during the final two weeks of the 
study. A sample of two average-sized eggs per cage were collected each week. The 
strength of the shell was measured using a Texture Analyzer (TA.XTPlus, Texture 
Technologies Corporation, Scarsdale, NY) which used a compression test of 1g of force 
at 10mm/sec (Anderson et al., 2004). The peak force required to break the eggshell, in 
newtons, was the value of measurement. This was measured by exponent software 
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(Stable Micro Systems LTD., Surrey, UK). Each egg that was measured for shell strength 
was also weighed to determine if EW as a covariate affected SS. 
Egg nutrients were measured at the end of the study using one egg from 6 
randomly chosen cages per treatment. The nutrients analyzed included percent protein, 
total fat, saturated fat, polyunsaturated fat, and monounsaturated fat. Specific fatty acids 
that were measured were oleic, linoleic, palmitic, α-linolenic, DHA, omega-3, omega-6, 
and omega-9. Cholesterol was also measured for each egg. Egg nutrient analysis for each 
egg was conducted by Midwest Labs (Midwest Laboratories, Omaha, NE).  
Statistical Analysis 
The data were analyzed using the GLIMMIX procedure in SAS 9.4 (SAS Institute 
Inc., Cary, NC, 2015) All of the response variables were analyzed using a repeated 
measures model including random block effect and fixed effects of time, treatment and 
their interaction. Various error covariance structures were evaluated for each response 
variable to determine the one that fit the best. Eggshell breaking strength also used egg 
weight as a covariate. 
RESULTS AND DISCUSSION 
Table 3.3 shows the results of egg percent production, feed intake, egg weight, 
egg components, and yolk color. There were no significant differences seen in egg 
components or yolk color. Again, this shows that the product did not negatively impact 
the hens. The consistency of egg component weights including shell, yolk, and albumen 
as a percentage of the total egg weight is important for producers and consumers. Yolk 
color is also an important factor for consumers. The darkness of the yolk is mainly 
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attributed to deposition of pigments such as carotenoids. Yolk color is easily manipulated 
by ingredients in the diet (Nogareda et al., 2015). The product used in this study was a 
light golden powder, but the pigmentation of the product did not significantly affect the 
yolk color compared to the control. 
Egg mass, feed conversion, and body weight results are shown in table 3.4 and 
figures 3.4, 3.5, and 3.6. EM and FC were also not significantly different among the 
treatments. This is consistent with the lack of differences for EP, FI, and EW since EM 
and FC are calculated using these parameters.   
The hens performed very well and were close to the expected standards for their 
breed, with the exception of bodyweight which was lower than what was expected for 
hens at 32 weeks of age (Hy-Line International, 2014). This could be due to the decreases 
in feed intake at 27 weeks of age and at the end of the study (weeks 8-9, and week 20 of 
the study respectively). These decreases coincide with the regimen of increasing ambient 
temperatures above 80°F. The increased temperature was utilized as a preventative 
measure against avian influenza in the hen facilities. Due to the possible heat stress 
experienced by the hens, the effect of treatment on feed intake was determined for weeks 
8 and 20. Comparing treatment means for feed intake within these weeks showed no 
significant differences between treatments, with the exception of week 8 where there was 
a difference between 100g/ton and 300g/ton treatments (p=0.0314). Week 20 of the study 
showed a numerical difference between the control and other treatments (Table 3.5). This 
is not direct evidence to claim that supplementation of AlgamuneTM ZPC to a 
corn/soybean diet may help alleviate the negative effects of heat stress on feed intake. 
However, it is still interesting to note and may be a focus of further study. β-glucan is 
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well known for its immunostimulative properties and this is likely the component of the 
product that may provide the stress alleviation, however further research is necessary to 
determine its effects on laying hens during heat stress. 
The results of eggshell breaking strength are shown in table 3.6. Eggshell 
breaking strength showed not only a lack of significant differences among the different 
treatments, but there was also no interaction between eggshell strength and egg weight as 
a covariate. This is supported by a previous study that examined the relationships 
between egg weight and eggshell strength in different breeds of laying hens (De 
Ketelaere et al., 2002).  
The results for egg nutrients and fatty acid profile are shown in table 3.7. 
Differences between treatments for a few of the egg fatty acid content analyzed at the end 
of the study approached significance (p<0.07), but overall there was no significant effect 
due to treatment. These included saturated fat, DHA, and omega-3 fatty acid content in 
the eggs. The following are numerical differences. Saturated fat was lower in eggs from 
birds fed the diet supplemented with 100g/ton of AlgamuneTM ZPC compared to those 
fed 300g/ton (p=0.1986). DHA was lower for birds fed 100g/ton compared to 200g/ton 
(p=0.1737). Omega-3 fatty acids were lower for birds fed 100g/ton compared to the 
control and the 200g/ton supplemented diet (p=0.0688). The fatty acid content of an egg 
may be important as it is an ideal way to enrich the egg for consumers. Research has 
indicated that the amount of omega-3 fatty acids has decreased in animal products as well 
as in the human diet due to increased consumption of cereal grains and other plants, while 
omega-6 consumption has increased. Bringing the ratio of omega-6:omega-3 fatty acids 
closer to 1 is thought to be beneficial, especially for prevention and management of 
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chronic diseases (Simopoulos, 2002). The variability in nutrient deposition, particularly 
fatty acids, in the yolk when birds are fed different types of algae needs to be researched 
further.  
Supplementation of AlgamuneTM ZPC, even at the high level of 300g/ton, did not 
have significant negative effects on the production and performance of brown Leghorn 
hens. There were no significant treatment differences for EP, FI, and EW. While 
paramylon supplementation did not improve EP and EW, it also did not negatively affect 
them which may show that the levels of supplementation used in this trial are safe for the 
hens. The lack of differences among treatments for feed intake also implies that 
palatability should not be a problem for this product. If it adversely affected palatability 
of the feed the hens would have eaten less. The small range of concentrations of 
AlgamuneTM ZPC used in this study may also explain why no differences were seen 
among the treatments, as the high level (300g/ton) was only three times the concentration 
of the low level (100g/ton). 
There is potential for paramylon to increase fatty acid content of eggs and to 
alleviate heat stress. More research into the use of algal derivatives in poultry during 
times of stress should be conducted in order to determine the specific effects of this type 
of feed additive when supplemented to corn/soybean based diets, and whether there is a 
consistent pattern to how laying hens respond both physiologically and in terms of 
productivity. This type of product may also be an effective means of supplementing fatty 
acids and zinc to the hens, as well as enriching eggs with omega-3 fatty acids. However, 
it is important to note that the vitamin and mineral premix used in the control diet 
contained the necessary amount of zinc to meet the hens’ nutritional needs. As the 
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AlgamuneTM ZPC only contains 2% zinc, it is unlikely that it had a significant impact at 
the levels of supplementation used in this study.  
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Table 3.1 AlgamuneTM ZPC product parameters 
 
  
Nutrient (%) 
Moisture 4.78 
Crude Protein 25.3 
Crude Fat 2.58 
Total Carbohydrates (calculated) 60.28 
Ash 7.06 
  
Beta Glucan 53.2 
Zinc 2.0 
*Lot analysis provided by Algal Scientific Corporation, Plymouth, MI 
 
 
 
Fatty Acid Profile 
Crude Fiber (%) 15.9 
Crude Fat (%) 2.93 
  
Fatty Acid (g/100g) 
Saturated Fat 1.33 
Polyunsat. Fat 1.03 
Monounsat. Fat 0.56 
Oleic 0.42 
Linoleic 0.12 
Palmitic 0.54 
Alpha-linolenic 0.06 
DHA 0.01 
Omega-3 0.15 
Omega-6 0.88 
Omega-9 0.43 
*Product sample analysis by Midwest Laboratories, Omaha, NE  
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Table 3.2 Diet Composition 
 
  
Ingredient (%) 
Corn 63.13 
Soybean Meal 16.42 
DDGS 5.08 
Vegetable Oil 2.40 
Dical Phosphate 0.90 
Limestone 5.65 
Shell&Bone Builder 5.65 
Salt 0.40 
Lysine 0.09 
Methionine 0.08 
Pinnacle Premix 0.20 
 
 
 
Nutrient Composition (%) 
Moisture 12.26 
Dry Matter 87.74 
  
 dry weight (%) 
Crude Protein 17.3 
Phosphorous (total) 0.70 
Calcium (total) 4.90 
*Analysis by Midwest Laboratories, Omaha, NE 
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Table 3.3 Effect of treatment on egg percent production, feed intake, egg weight, and 
egg components 
 
    
Treatment EP (%) FI (g/hen/day) EW (grams) 
Control 91.43±0.15 103.93±0.75 54.01±0.65 
100g/ton 89.49±0.16 104.86±0.79 53.86±0.65 
200g/ton 89.40±0.16 103.27±0.79 54.59±0.65 
300g/ton 92.41±0.16 104.19±0.75 53.99±0.65 
 
 
P Values 
   
Treatment 0.4388 0.5667 0.8624 
Time ≤0.0001 ≤0.0001 ≤0.0001 
Trt*Time 0.9306 0.5138 0.4580 
 
 
 
Egg components 
   
Treatment % shell % yolk % albumen Yolk color 
Control 13.81±0.17 25.97±0.33 60.21±0.38 9.106±0.11 
100g/ton 13.86±0.17 26.31±0.33 59.83±0.38 8.844±0.11 
200g/ton 13.55±0.17 26.09±0.33 60.35±0.38 8.894±0.11 
300g/ton 13.61±0.17 26.22±0.33 60.17±0.38 8.972±0.11 
 
 
P Values 
    
Treatment 0.5107 0.8922 0.7945 0.3864 
Time ≤0.0001 ≤0.0001 ≤0.0001 ≤0.0001 
Trt*time 0.7983 0.6348 0.7554 0.1933 
*means within a column with differing superscripts are significantly different (p≤0.05) 
**standard error of the mean is signified by ±value 
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Table 3.4 Effect of treatment on egg mass, feed conversion, and bodyweight 
 
    
Treatment EM (g/day) FC (g feed:g egg) BW (grams) 
Control 49.45±0.93 2.135±0.56 1684±30.38 
100g/ton 48.49±0.98 2.204±0.58 1660±30.38 
200g/ton 48.96±0.98 2.163±0.58 1683±30.38 
300g/ton 49.96±0.93 2.105±0.56 1682±30.38 
 
 
P Values 
   
Treatment 0.7020 0.5391 0.9312 
Time ≤0.0001 ≤0.0001 ≤0.0001 
Trt*time 0.9948 0.8893 0.2985 
*means within a column with differing superscripts are significantly different (p≤0.05) 
**standard error of the mean is signified by ±value 
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Table 3.5 Feed intake during increasing heat regimen of specific weeks 
 
 
FI (g/hen/day) during weeks 8 and 20 
    
Treatment Week 8 Week 20 
Control (trt1) 105.67±1.8109 95.55±2.2656 
100g/ton (trt2) 104.85±1.9207 100.18±2.4031 
200g/ton (trt3) 99.98±1.9207 100.05±2.4031 
300g/ton (trt4) 102.59±1.8109 100.21±2.2656 
 
 
P Values 
  
Trt 1 vs trt 2 0.7543 0.1612 
Trt 1 vs trt 3 0.0314 0.1733 
Trt 1 vs trt 4 0.2297 0.1458 
   
Overall treatment 
effect p value 0.5667 
*significance indicated by p≤0.05 
**standard error of the mean is signified by ±value 
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Table 3.6 Effect of treatment on eggshell breaking strength (SS) 
 
    
Treatment SS (newtons) 
Control 53.77±2.59 
100g/ton 54.30±2.61 
200g/ton 56.51±2.54 
300g/ton 57.18±2.61 
 
 
P Values 
 
Treatment 0.5777 
Trt*time 0.5662 
Time 0.0204 
Egg weight 0.1278 
*means within a column with differing superscripts are significantly different (p≤0.05) 
**egg weight was used as a covariate 
***standard error of the mean is signified by ±value 
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Table 3.7 Effect of treatment on egg nutrients and fatty acid profile 
 
 
 AlgamuneTM ZPC  trt 
Nutrient (%) Control 100g/ton 200g/ton 300g/ton SEM1 P Value 
Protein 12.80 12.37 12.44 12.77 0.21 0.3202 
Total Fat 9.30 8.64 9.14 9.42 0.42 0.5051 
Saturated Fat 3.20 2.94 3.15 3.31 0.13 0.1986 
Polyunsat. Fat 2.34 2.09 2.43 2.30 0.12 0.2581 
Monounsat. Fat 3.68 3.54 3.49 3.73 0.21 0.7536 
 
 
Nutrient 
(g/100g) 
      
Oleic 3.49 3.35 3.29 3.53 0.19 0.7172 
Linoleic 1.99 1.77 2.07 1.97 0.11 0.2730 
Palmitic 2.27 2.09 2.24 2.35 0.11 0.3341 
Alpha-linolenic 0.02804 0.02505 0.02843 0.02515 0.0031 0.7903 
DHA 0.048 0.043 0.052 0.050 0.003 0.1737 
Omega-3 0.087 0.075 0.089 0.082 0.044 0.0688 
Omega-6 2.23 2.00 2.33 2.20 0.12 0.2725 
Omega-9 
 
 
3.48 3.35 3.29 3.53 0.19 0.7236 
Nutrient 
(mg/100g) 
      
Cholesterol 353.69 355.67 381.98 369.67 15.0 0.531 
1standard error of the mean 
*means within a row with differing superscripts are significantly different (p≤0.05) 
**Analysis by Midwest Laboratories, Omaha, NE 
  
62 
 
 
Figure 3.1 Egg percent production 
*temperatures above 80°F occurred between 26-27 weeks of age, and at 37 weeks of age 
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Figure 3.2 Feed intake 
*temperatures above 80°F occurred between 26-27 weeks of age, and at 37 weeks of age 
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Figure 3.3 Egg weight 
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Figure 3.4 Egg mass 
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Figure 3.5 Feed conversion 
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Figure 3.6 Bodyweight 
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